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Modeling of the x-ray spectra of the Galactic superluminal jet sources GRS 1915+105 and GRO J1655-
40 reveal a three-layered atmospheric structure in the inner region of their accretion disks. Above the
cold and optically thick disk of a temperature 0.2-0.5 keV, there is a warm layer with a temperature
of 1.0-1.5 keV and an optical depth around 10. Sometimes there is also a much hotter, optically thin
corona above the warm layer, with a temperature of 100 keV or higher and an optical depth around
unity. The structural similarity between the accretion disks and the solar atmosphere suggest that
similar physical processes may be operating in these different systems.
The sun has a complicated atmosphere, including a
photosphere, chromosphere, transition layer, and an out-
most hot corona (1, 2). It is generally thought that the
magnetic activities of the sun may play a significant role in
heating the corona (2, 3), though other models have been
proposed (4). The atmosphere of the sun is not in hy-
drodynamical equilibrium. Consequently, the solar wind
is blown outward from the corona. Coronae and outflows
are actually quite common in various types of stellar en-
vironment. Here we present observational evidence for a
solar-type atmosphere for the accretion disks around stel-
lar mass black holes in x-ray binaries (5).
One of the common characteristics of black hole bina-
ries is the so-called two-component x-ray and gamma-ray
spectrum: a soft blackbody-like component at low ener-
gies (< 10 keV) and a hard power-law-like component at
high energies (up to several hundred keV) (6). The soft
component is generally attributed to the emission from
an optically thick, geometrically thin cold accretion disk,
which is often described by the standard α-disk model (7).
The hard component is attributed to an optically thin, ge-
ometrically thick hot corona in either a plane parallel to
the disk or with a spherical geometry above the disk (8).
The prototype models were motivated by the studies of
the solar corona (9).
Recently, more attention has been paid to the similar-
ities between the physical processes in accretion disks and
those in the sun, because the empirically-invoked viscosity
for the disks might have originated from the same dynamo
processes operating on the sun (10). Consequently, like in
the sun, magnetic turbulence and buoyancy may trigger
magnetic flares high above the disks which could cause in-
tense in situ particle heating and acceleration, thus pow-
ering a disk corona (11). The relative importance of the
soft and hard spectral components in black hole binaries
is probably modulated by the energy deposition in the
corona by magnetic flares (12) — more energy deposited
in the corona produces a stronger hard component. It was
proposed that there also exists a layer between the corona
and the cold accretion disk, which is directly responsible
for the observed soft component (13, 14).
To explore the structure of accretion disks in black
hole binaries, we carried out detailed studies of the x-
ray spectra of two such sources, GRO J1655–40 and
GRS 1915+105, both of which are galactic superluminal
jet sources (15). The higher-than-normal temperature of
the soft component of the two sources is suggested to be
caused by the rapid spin of the black holes in these sys-
tems, which results in the disk extending closer to the
black hole horizon (16, 17). Here, we report the results
based primarily on data collected from the Japanese-US x-
ray satellite ASCA (Advanced Satellite for Cosmology and
Astrophysics), which has good energy resolution and effec-
tive area in the 0.7-10 keV energy band, ideal for studying
the soft component.
For black hole binaries, x-ray emission is powered by
the release of gravitational energy of matter being ac-
creted by the central black holes, which occurs mostly
in the inner region of the accretion disks. Because
electron scattering dominates over free-free absorption
in the inner disk (7), the emergent x-ray spectrum is
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fully Comptonized (a photon must undergo many scat-
tering events before escaping). The inner disk region
is also radiation pressure dominated (versus gas pres-
sure), and thus its temperature changes slowly with radius
(T (r) ∝ 1/r3/8) (8), as opposed to a more rapid tem-
perature variation in the gas pressured dominated disk
(T (r) ∝ 1/r3/4) (8). Therefore, we can approximate the
emergent x-ray spectrum from the disk as the Comp-
tonization of a single-temperature blackbody spectrum by
an electron cloud (18). In the standard α-disk model, the
cloud has the same temperature as the x-ray emission and
its optical depth is very large (>100) (8).
For this analysis, we adopted the Comptonization
model by Titarchuk (18) and fit it with the observed spec-
tra, in order to determine these key parameters, includ-
ing the blackbody temperature of the seed photons (the
original photons before the Compton scattering), the elec-
tron temperature and optical depth of the cloud (Table 1).
This model fit the data well for cases where the hard com-
ponent is negligible. When the hard component is impor-
tant, a second Comptonized component is required. Note
that although we use the same Comptonization model for
the soft and hard spectral components, the physical envi-
ronments for the two are different: the hard component is
produced in an optically thin hot corona (about 100 keV
or 109 K), while the soft component is produced in an
optically thick warm cloud (about 1 keV or 107 K). As an
example, we plotted the results from spectral modeling of
GRO J1655-40 and GRS 1915+105 in figure 1.
For the soft component, the results indicate that the
temperature of the electron cloud is higher than the effec-
tive temperature of the seed photons to the Comptoniza-
tion process , by a factor of 3-6, and the inferred optical
depth of the cloud (∼ 10) is much smaller than that ex-
pected from the standard α-disk model (>100). These re-
sults provide observational evidence for the presence of a
lower-density, warm layer outside the standard cold disk.
The hard spectral component, on the other hand, can-
not be well constrained by the ASCA data alone, because
the electron temperature of the Comptonizing corona is
higher than the upper end of the ASCA band (∼10 keV).
However, the temperature of the corona can be estimated
with the data obtained with the high energy instruments
of CGRO (The US Compton Gamma-Ray Observatory)
and RXTE (The US Rossi-X-ray Timing Explorer). Us-
ing the high energy CGRO (20-500 keV) and RXTE (5-
250 keV) data obtained simultaneously with the ASCA
observations, we found that the corona has a temperature
of ∼100 keV or higher and an optical depth of the or-
der of unity or less (Table 1). This agrees with numerous
previous reports on the high energy spectra of these two
sources, for example in references (16, 19, 20). From Ta-
ble 1 we can also see that the temperature of seed photons
for the high energy Comptonization process is very close
to that of the warm layer. This implies that the main
source of seed photons feeding the corona is the emergent
Comptonized spectrum from the warm layer outside the
cold disk. The contribution of the hard component to
the total x-ray luminosity varies, from being negligible to
being dominant, so the corona is a highly dynamic envi-
ronment. At the same time, the warm layer does not seem
to vary appreciably. It is possible that the layer between
the cold disk and the hot corona in Cyg X-1 (14) and the
ionized cloud in GRO J1655-40 and GRS 1915+105 in-
ferred from the iron absorption features (21) in some of
the data we used here are in fact the warm layer we iden-
tified. However this warm layer is clearly not produced by
the heating of the corona (14), because of the apparent in-
dependence between the relatively stable warm layer and
the highly dynamical corona, which sometimes disappears
completely.
Although we used a thermal Comptonization model
(the electron kinetic energy is assumed to follow the
Maxwellian distribution) in our fitting, it is worth point-
ing out that non-thermal electron energy distribution (for
the high energy spectral component) may also be consis-
tent to the data, as implied by steep power-law spectra
extending beyond several hundred keV in some observa-
tions (20). In this case, the electron temperature inferred
in our model fitting should be considered the lower limit
to the kinetic energy of electrons in the corona. Therefore
the corona may also be in the form of jets/outflow from
the black hole or near-spherical converging flow into the
black hole (22). Current x-ray data alone do not allow us
to distinguish these different corona geometry unambigu-
ously.
The inferred structure of accretion disks of black hole
binaries can be compared to the structure of the solar
atmosphere (Fig. 2). The photosphere, chromosphere
and corona of the sun appear to correspond to the sur-
face of the cold disk, the overlaying optically thick warm
layer, and the optically thin hot corona, respectively.
The transition region between the chromosphere and the
corona in the solar atmosphere, however, could not be
identified in disks from our current spectral fitting. It
cannot correspond to the warm layer, because the lat-
ter is observed even in the absence of the corona (the
hard component). The temperatures of the three re-
gions are higher in the accretion disks by approximately
a factor of 500 than the corresponding regions in the
sun. This supports the notion that magnetic activity is
responsible for powering the upper atmosphere in both
cases, giving T ∝ E1/4 ∝ B1/2 and thus TDISK/TSUN ≈
(BDISK/BSUN)
1/2
≈ (108G/500G)1/2 ≈ 500.
Because the solar wind is driven out primarily by
strong coronal activities, by analogy, we argue that the
corona surrounding accretion disks of black hole binaries
is also a source of outflow. In fact a recent accretion disk
model suggests that magnetic field driven jets and out-
flow are also important in the angular momentum trans-
fer, which is essential in order for the accretion process
to operate in these systems (23). The connection between
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Figure 1. Sample spectra of GRO J1655-40 (left: observed on 97/02/26) and GRS 1915+105 (right: observed on
96/10/23). Both soft and hard components are important in these spectra. ASCA data: 0.7-10 keV; RXTE data:
5-20 keV (RXTE data above 20 keV not shown for clarity of the figures).
corona and outflow is also supported by the fact that radio
emissions from black hole binaries seems always accom-
panied with the detection of significant hard x-ray emis-
sion (19). Although the magnetic fields may be generated
by the dynamo processes as a result of the differential ro-
tation in both the sun and the accretion disks of black
hole binaries (1), the two types of systems are different.
In the sun, the source of radiation energy is the nuclear
burning in the core, and only a small portion of the to-
tal energy is converted to the magnetic field. In accretion
disks, however, all radiation energy comes from the vis-
cous dissipation of gravitational energy, which may orig-
inate in magnetic turbulence (10). It is, therefore, natu-
ral that the magnetic field related energy dissipation in
accretion disks is more important than that in the sun.
Consequently our results provide strong support to theo-
retical predictions that relativistic jets and outflow from
these systems are magnetic-field driven (24). In fact it
has been realized recently that there might exist a ‘mag-
netic switch’ in these systems; when the magnetic field
activity exceeds a certain limit, fast and relativistic jets
may be produced (25). Our results reported here and the
fact that both GRO J1655-40 and GRS 1915+105 have
been observed to produce highly relativistic jets (15) pro-
vide support to this magnetic switch theory. It is worth
noting that disk coronae powered by magnetic flares are
also believed to exist in the accretion disks around su-
permassive black holes (11). Therefore, similar physical
processes may operate in systems with different proper-
ties and scales.
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Table 1. Results for all ASCA observations of
GRO J1655-40 and GRS 1915+105; simultaneous CGRO
and RXTE data are also used for determining the
high energy component above 10 keV. In about half
of the observations the high energy component is de-
tectable or dominating the total luminosity. Notes:
(1) A = GRO J1655-40 and B = GRS 1915+105; (2)
the un-absorbed flux is in units of 10−8 erg/cm2/s.
NH: interstellar neutral hydrogen column density; kT0:
seed-photon temperature to the Comptonization pro-
cess; kTe: electron temperature of the Comptonization
medium; τ : optical depth of the Comptonization medium.
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Figure 2. Schematic diagrams of the solar atmosphere and accretion disk structure. The temperatures in the solar
atmosphere are approximately: 6×103 K (photosphere), 3×104 K (chromosphere), and 2×106 K (corona), respectively.
For the black hole disk atmosphere, the corresponding temperatures are approximately 500 times higher: 3×106 K
(cold disk), 1.5×107 K (warm layer), and 1×109 K (corona), respectively.
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